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The NASA Exploration Systems Architecture Study (ESAS) places a significant emphasis on the 
development of a wide range of capabilities on the lunar surface as a stepping-stone to further space 
exploration.  An important aspect of developing these capabilities will be the availability of reliable, 
efficient, and low-mass power systems to support both stationary and mobile applications. One 
candidate system to provide electrical power is made by coupling the General Purpose Heat Source 
(GPHS) with a high-performance Stirling convertor. In this paper we explore the practical power 
range of GPHS/Stirling convertor systems all with conductively coupled hot-end designs for use on the 
lunar surface. Design and off-design operations during the life of the convertor are studied in addition 
to considering these varying conditions on system. Unique issues concerning Stirling convertor 
configurations, integration of the GPHS with the Stirling convertor, controller operation, waste heat 
rejection, and thermal protection are explored. Of particular importance in the evaluation process is a 
thorough understanding of the interactions between the wide range of unique lunar environments and 
the selection of key systems operating characteristics and the power systems design. Additionally, as 
power levels rise the interface between the GPHS and Stirling and the Stirling and the radiator begins 
to dominate system mass and material selection becomes more important. 
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 th
e 
st
ru
ct
ur
e 
su
pp
or
tin
g 
th
e 
co
nv
er
to
r. 
In
 m
os
t 
ca
se
s 
th
es
e 
ar
e 
w
el
l a
bo
ve
 
ac
ce
pt
ab
le
 v
al
ue
s 
th
us
 re
qu
iri
ng
 th
e 
us
e 
of
 s
om
e 
fo
rm
 o
f v
ib
ra
tio
n 
ca
nc
el
la
tio
n 
or
 m
in
im
iz
at
io
n
•
Th
e 
m
os
t c
om
m
on
 a
pp
ro
ac
h 
em
pl
oy
ed
 re
ce
nt
ly
 in
 lo
w
 p
ow
er
 R
P
S
 
is
 to
 m
ou
nt
 th
e 
co
nv
er
to
rs
 is
 o
pp
os
ed
 
pa
irs
•
Ev
en
 w
ith
 a
 d
ua
l o
pp
os
ed
 p
ai
r t
o 
re
du
ce
 v
ib
ra
tio
n,
 th
e 
lo
ss
 o
f a
 s
in
gl
e 
co
nv
er
to
r o
f t
he
 p
ai
r w
ou
ld
 re
qu
ire
 th
e 
ot
he
r c
on
ve
rto
r t
o 
be
 s
hu
t d
ow
n
•
A
 d
ua
l o
pp
os
ed
 p
ai
r w
ith
 a
 b
al
an
ce
r 
w
ou
ld
 a
llo
w
 p
ow
er
 to
 b
e 
ge
ne
ra
te
d 
if 
a 
si
ng
le
 c
on
ve
rto
r f
ai
ls
•
B
al
an
ce
r m
as
s 
is
 a
pp
ro
xi
m
at
el
y 
20
%
 
of
 th
e 
co
nv
er
to
r m
as
s
•
3/
2/
20
07
G
le
nn
 R
es
ea
rc
h 
C
en
te
r
at
Le
w
is
Fi
el
d
Si
ng
le
 v
s.
 D
ua
l O
pp
os
ed
 S
ys
te
m
s
•
A
s 
S
tir
lin
g 
co
nv
er
to
rs
 
in
cr
ea
se
 in
 p
ow
er
 o
ut
pu
t 
th
ei
r s
pe
ci
fic
 p
ow
er
 
im
pr
ov
es
 b
ut
…
•
A
s 
po
w
er
 le
ve
ls
 ri
se
 th
e 
m
as
s 
pe
na
lty
 fo
r h
ea
t 
ad
di
tio
n 
an
d 
re
m
ov
al
 
in
cr
ea
se
s.
•
Tw
o 
w
ay
s 
to
 m
od
el
 
sy
st
em
s,
 le
t t
em
pe
ra
tu
re
 
va
ry
 fo
r b
es
t m
as
s 
or
 fi
x 
co
ld
 e
nd
 te
m
pe
ra
tu
re
 
•
A
t a
ll 
of
 th
e 
po
w
er
 le
ve
ls
 
co
ns
id
er
ed
 th
e 
du
al
 
op
po
se
d 
co
nf
ig
ur
at
io
n 
pr
ov
id
ed
 a
 e
qu
iv
al
en
t o
r 
lo
w
er
 s
ys
te
m
 m
as
s 
as
 
th
e 
si
ng
le
 c
on
ve
rto
r 
sy
st
em
.
•
•
3/
2/
20
07
G
le
nn
 R
es
ea
rc
h 
C
en
te
r
at
Le
w
is
Fi
el
d
C
on
ve
rt
or
 F
ai
lu
re
s
•
Fo
r a
 d
ua
l o
pp
os
ed
 
co
nf
ig
ur
at
io
n 
w
ith
 a
 
ba
la
nc
er
, t
he
 fa
ilu
re
 o
f a
 
si
ng
le
 c
on
ve
rto
r w
ill 
st
ill 
al
lo
w
 s
om
e 
po
w
er
 to
 b
e 
ge
ne
ra
te
d
•
To
 k
ee
p 
th
e 
sy
st
em
 w
ith
in
 
its
 te
m
pe
ra
tu
re
 li
m
its
 s
ev
er
al
 
th
in
gs
 m
us
t o
cc
ur
:
–
Th
e 
he
at
er
 h
ea
d 
te
m
pe
ra
tu
re
 m
us
t d
ro
p 
to
 
al
lo
w
 tw
ic
e 
th
e 
am
ou
nt
 o
f 
he
at
 to
 fl
ow
 in
to
 th
e 
si
ng
le
 
co
nv
er
to
r
–
Th
e 
se
co
nd
 S
tir
lin
g 
m
us
t b
e 
ov
er
si
ze
d 
an
d 
ab
le
 to
 
ab
so
rb
 th
e 
ad
di
tio
na
l h
ea
t 
th
at
 w
as
 g
oi
ng
 to
 th
e 
se
co
nd
 c
on
ve
rto
r
–
Th
e 
se
co
nd
 c
on
ve
rto
r m
us
t 
re
je
ct
 a
ll 
of
 th
e 
he
at
 a
nd
 
ke
ep
 th
e 
co
ld
-e
nd
 w
ith
in
 it
s 
al
lo
w
ab
le
 m
ag
ne
t l
im
its
–
Th
e 
co
nv
er
to
r a
lte
rn
at
or
 
m
us
t b
e 
si
ze
d 
to
 p
ro
du
ce
 
ab
ou
t 5
0%
 m
or
e 
po
w
er
•
C
on
fig
ur
at
io
n 
B
O
L-
2
co
nv
er
to
rs
 
ru
nn
in
g 
E
O
L
-2
co
nv
er
to
rs
 
ru
nn
in
g 
BO
L-
1
co
nv
er
to
r 
ou
t 
E
O
L
-1
co
nv
er
to
r 
ou
t 
H
ea
te
r H
ea
d 
Te
m
pe
ra
tu
re
 
(K
) 
11
17
 
11
23
 
92
4 
97
9 
 
3/
2/
20
07
G
le
nn
 R
es
ea
rc
h 
C
en
te
r
at
Le
w
is
Fi
el
d
O
ff-
D
es
ig
n 
O
pe
ra
tio
n
•
B
O
L 
an
d 
E
O
L 
op
er
at
io
n 
ch
an
ge
s 
th
e 
op
er
at
in
g 
co
nd
iti
on
s 
on
 th
e 
sy
st
em
•
P
ow
er
 v
ar
ia
tio
n
fo
r 
th
e 
60
 K
 a
nd
 3
40
 K
 
de
si
gn
 p
oi
nt
s 
ov
er
 a
 
ra
ng
e 
of
 s
in
k 
te
m
pe
ra
tu
re
s 
is
 
ab
ou
t 1
0%
•
A
ll 
sy
st
em
s 
co
ns
id
er
ed
 h
er
e 
ar
e 
de
si
gn
ed
 to
 p
ro
du
ce
 
fu
ll 
po
w
er
 a
t E
O
L 
(1
4 
ye
ar
s)
•
V
ar
yi
ng
 S
in
k 
te
m
pe
ra
tu
re
s 
ca
n 
si
gn
ifi
ca
nt
ly
 c
ha
ng
e 
co
ld
 e
nd
 o
pe
ra
tin
g 
te
m
pe
ra
tu
re
s 
-a
bo
ut
 
10
0 
K
 fo
r b
ot
h 
ca
se
s
60
 K
 si
nk
 
de
si
gn
 p
oi
nt
34
0 
K
 si
nk
 
de
si
gn
 p
oi
nt
•
•
3/
2/
20
07
G
le
nn
 R
es
ea
rc
h 
C
en
te
r
at
Le
w
is
Fi
el
d
C
on
cl
us
io
ns
1.
Fo
r t
he
 p
ow
er
 le
ve
ls
 o
f i
nt
er
es
t e
ne
rg
y 
tra
ns
fe
r b
as
ed
 o
nl
y 
on
 th
er
m
al
 c
on
du
ct
io
n 
be
tw
ee
n 
th
e 
G
P
H
S
 m
od
ul
es
 a
nd
 c
on
ve
rto
r 
he
at
er
 h
ea
d 
sh
ou
ld
 b
e 
ut
ili
ze
d 
du
e 
to
 i
ts
 i
nh
er
en
t 
si
m
pl
ic
ity
. H
ow
ev
er
, t
he
 o
ve
ra
ll 
in
te
gr
at
io
n 
of
 G
P
H
S 
/ S
tir
lin
g 
co
nv
er
to
r s
ys
te
m
 is
 d
riv
en
 b
y 
th
e 
he
at
 a
dd
iti
on
 / 
re
m
ov
al
 c
on
st
ra
in
ts
 o
f t
he
 S
tir
lin
g 
he
at
 e
xc
ha
ng
er
s.
  
2.
E
nv
iro
nm
en
t 
pl
ay
s 
a 
si
gn
ifi
ca
nt
 r
ol
e 
in
 t
he
 s
pe
ci
fic
 p
ow
er
 o
f 
th
e 
sy
st
em
. 
 S
ys
te
m
s 
de
si
gn
ed
 f
or
 o
pe
ra
tio
n 
in
 a
 6
0 
K
 e
nv
iro
nm
en
t 
bu
t 
pl
ac
ed
 i
n 
34
0 
K
(m
ax
 l
un
ar
 s
in
k 
en
vi
ro
nm
en
t) 
po
te
nt
ia
lly
 c
an
 e
xc
ee
d 
lin
ea
r a
lte
rn
at
or
 a
llo
w
ed
 te
m
pe
ra
tu
re
s.
 C
on
ve
rto
r a
nd
 
lin
ea
r a
lte
rn
at
or
 o
pe
ra
tin
g 
te
m
pe
ra
tu
re
s 
m
us
t b
e 
in
cr
ea
se
d 
to
 o
n
th
e 
or
de
r o
f 2
50
 C
. 
3.
V
ar
io
us
 m
ec
ha
ni
ca
l 
co
nf
ig
ur
at
io
ns
 o
f 
th
e 
th
er
m
al
 i
nt
er
fa
ce
 b
et
w
ee
n 
th
e 
G
P
H
S 
/ 
he
at
er
 
he
ad
 a
re
 r
ej
ec
to
r 
/ 
ra
di
at
or
 a
va
ila
bl
e.
 A
n 
im
po
rta
nt
 f
ac
to
r 
in
 t
he
 s
pe
ci
fic
 s
el
ec
tio
n 
w
ill 
de
pe
nd
 o
n 
th
e 
m
at
er
ia
ls
 fo
r t
he
 in
te
rfa
ce
 a
nd
 in
 th
e 
ca
se
 o
f t
he
co
ld
 e
nd
 th
e 
he
at
 tr
an
sf
er
 
m
ec
ha
ni
sm
. U
si
ng
 a
 N
i i
nt
er
fa
ce
 o
n 
th
e 
ho
t e
nd
 a
nd
 a
n 
al
um
in
um
 c
ol
d 
sh
oe
 o
n
th
e 
co
ld
 
en
d 
m
ax
im
um
 s
pe
ci
fic
 p
ow
er
 (
w
at
ts
/k
g)
 o
cc
ur
s 
ar
ou
nd
 2
00
 w
at
ts
 f
or
 a
 d
ua
l 
op
po
se
d 
co
nv
er
to
r (
10
0 
w
at
ts
/c
on
ve
rto
r).
4.
Th
e 
in
te
gr
at
io
n 
of
 m
ul
tip
le
 G
P
H
S 
m
od
ul
es
 (
up
 t
o 
12
 i
nv
es
tig
at
ed
)
w
ith
 t
he
 a
 S
tir
lin
g 
co
nv
er
to
r 
ca
n 
be
 c
ar
rie
d 
ou
t 
in
 a
 m
an
ne
r 
th
at
 i
s 
m
ut
ua
lly
 c
om
pa
tib
le
 w
ith
 t
he
 G
P
H
S
 
re
qu
ire
m
en
ts
 a
nd
 th
e 
co
nd
iti
on
s 
th
at
 a
re
 n
ee
de
d 
fo
r h
ig
h 
co
nv
er
to
r e
ffi
ci
en
ci
es
.
